INTRODUCTION
Viroids are a group of plant pathogens that are economically important and biologically unique. A viroid genome consists of a single-stranded, covalently closed circular RNA that does not encode proteins and is not encapsidated (Flores et al., 1997; Diener, 2001 ). Therefore, a viroid genome must interact directly with host components for autonomous replication. Elucidating viroid replication mechanisms should shed light on how a pathogenic RNA has evolved the capacity to utilize host systems for self-propagation. It may also enhance basic understanding of RNA structure-function relationships.
Potato spindle tuber viroid (PSTVd) is the type species of the family Pospiviroidae (Flores et al., 2000) . It replicates in the nucleus by utilizing the host DNA-dependent RNA polymerase II (Schindler and Mühlbach, 1992) . The replication follows an asymmetric rolling-circle mechanism (Branch and Robertson, 1984) . The (ϩ)-strand, circular form is used as template to synthesize multimeric and linear (Ϫ)-strand RNA that then serves as the replication intermediate. The (Ϫ)-strand RNA is transcribed into numerous copies of multimeric, linear (ϩ)-strands. These are then cleaved into unit-length, monomeric strands that are finally circularized (Branch and Robertson, 1984) . Transcription of (Ϫ)-strand PSTVd predominantly starts at A 111 and A 325 , based on results from in vitro transcription studies using (ϩ)-strand circular PSTVd as template in nuclear extracts prepared from healthy potato cells (Fels et al., 2001) . The cleavage and ligation site is mapped to between G 95 and G 96, using longer-than-unit length in vitro transcripts of PSTVd as substrates for processing in potato nuclear extracts (Baumstark et al., 1997) . The first processing, which cleaves the 5Ј end nucleotide (G), occurs within the GNRA tetraloop. This leads to conformational change of the tetraloop into a loop E, which then serves as a motif to mediate the second cleavage which cuts the 3Ј end nucleotide (G) and subsequent ligation to produce the circular viroid molecule (Baumstark et al., 1997) .
Apart from advances in the identification of replication initiation, cleavage, and ligation sites, little is known about viroid structures that may determine the level of replication in single cells. Isolation of PSTVd mutants with an altered host range has provided some clues about the viroid structural features that may modulate replication efficiency. The tomato-isolate PSTVd does not infect tobacco. However, C 259 3 U substitution converts PSTVd KF440-2 into a strain (PSTVd-NT) that is infectious on tobacco (Wassenegger et al., 1996) . Presumably, PSTVd KF440-2 replicated weakly in tobacco, and C 259 3 U change enhanced replication (Wassenegger et al., 1996) . In the Nicotiana species tested, the intermediate strain (PSTVd Int ) is infectious on Nicotiana benthamiana (Hu et al., 1997; Zhu et al., 2001 Zhu et al., , 2002 , but not on tobacco (Nicotiana tabacum) (Zhu et al., 2002) . In transgenic tobacco expressing the cDNA of PSTVd Int under the control of the constitutive Cauliflower mosaic virus (CaMV) 35S promoter and the companion cellspecific Commelina yellow mottle virus (CoYMV) promoter, respectively, we recovered two spontaneous PSTVd mutants, PSTVd Int C 259 3 U and PSTVd Int U 257 3 A, that individually showed enhanced replication (Zhu et al., 2002) . It remains to be determined whether it is the absence of C or presence of U at position 259, and absence of U or presence of A at position 257, that has led to enhanced replication in tobacco. Resolving these issues should help understand viroid structural features that control replication levels in relation to host adaptation. In particular, the effects of specific nucleotide changes on PSTVd replication need to be studied at the cellular level.
To study the mechanisms of viroid replication at the cellular level, a cultured cell system that can be readily inoculated with viroid RNA is highly desirable. An outstanding advantage of inoculating protoplasts is that it offers a synchronous system to study viroid replication. Upon mechanical inoculation, protoplasts prepared from tomato leaves supported replication of Cucumber pale fruit viroid (CPFVd) but not of PSTVd (Mühlbach and Sänger, 1977) . Protoplasts prepared from potato suspension cells supported replication of PSTVd that was inoculated via liposomes (Faustmann et al., 1986) . Although the value of cultured cells for studying viroid replication has long been recognized (Mühlbach and Sänger, 1977; Lin and Semancik, 1985; Faustmann et al., 1986) , little progress has been made on utilizing such cells to advance mechanistic understanding of how viroid replication is regulated.
In this study, we have developed electroporation protocols to inoculate protoplasts prepared from cultured cells of tobacco and N. benthamiana with in vitro transcripts of PSTVd. PSTVd and PSTVd Int replicated weakly in tobacco cells. Mutational analyses identified specific nucleotide requirements for enhanced replication in tobacco. Accumulation patterns of (Ϫ)-and (ϩ)-strands of PSTVd suggested that the enhanced replication was in a major part due to enhanced production of the (Ϫ)-strand from the (ϩ)-strand, which in turn provided more templates for the production of the (ϩ)-strands. The technical feasibility of inoculating protoplasts with in vitro transcripts of viroid variants should allow studies of viroid structures that modulate replication levels.
RESULTS

Time course of PSTVd replication in cultured cells of tobacco and N. benthamiana
To develop efficient protocols to characterize PSTVd replication in cultured cells of tobacco BY2 and N. benthamiana, we made in vitro transcripts of PSTVd-NT and used electroporation to inoculate the transcripts onto protoplasts prepared from these cultured cells. We used Northern blots to monitor accumulation of both (Ϫ)-and (ϩ)-strands of PSTVd-NT at various time intervals postinoculation. Presence of the (Ϫ)-strands as well as the circular (ϩ)-strands of PSTVd-NT would provide unambiguous evidence for replication. Our RNA probes for the (ϩ)-and (Ϫ)-strands of PSTVd had similar specific activity, and they did not cross-hybridize between strands under our experimental conditions (data not shown). As shown in Figs. 1A and 1B, accumulation of both strands of PSTVd-NT in tobacco BY2 cells was evident starting at 6 h postinoculation (h.p.i.). The (Ϫ)-PSTVd-NT was present predominantly as multimers (Fig. 1A) . On the other hand, the (ϩ)-PSTVd-NT was present mostly as circular monomers (Fig. 1B) . The linear, monomeric (ϩ)-strand showed weak accumulation (Fig. 1B) . A high molecular weight band of the (ϩ)-strand was also present (unlabeled arrow in Fig. 1B) . This was presumably a multimeric (ϩ)-strand. Interestingly, the intensity of the multimeric (Ϫ)-strand increased (Fig. 1A) , whereas that of the multimeric (ϩ)-strand decreased (Fig. 1B) during the experimental period. Similar results were obtained from infected N. benthamiana cells (data not shown).
Data from Northern blots were quantified, using the known amounts of the loaded size markers as benchmarks in each blot, to compare the relative accumulation levels of the multimeric (Ϫ)-strands and circular (ϩ)-strands of PSTVd-NT at various time intervals postinoculation. The amount of circular (ϩ)-PSTVd-NT at 6 h.p.i. was operationally assigned a reference numerical value of 1 for data obtained from protoplasts of tobacco (Fig.  1C) and N. benthamiana (Fig. 1D) . The levels of both the (Ϫ)-and (ϩ)-strand PSTVd-NT at different time intervals after inoculation were presented as numerical values relative to this reference value. The data at each time point represent the mean from three independent experiments. Significantly, the (Ϫ)-strand PSTVd-NT accumulated to a higher level than the circular (ϩ)-strand between 6 and 24 h.p.i. in protoplasts of both tobacco (Fig.  1C) and N. benthamiana (Fig. 1D ). Starting at 24 h.p.i., accumulation of the circular (ϩ)-strands of PSTVd-NT increased very rapidly ( Figs. 1C and 1D ; see also Fig.  1B) . At 144 h.p.i., the accumulation level was approximately 70-fold higher than that at 6 h.p.i. The multimeric (Ϫ)-strands of PSTVd-NT, however, exhibited less in-crease in accumulation during the same time period. At 144 h.p.i., the accumulation level was approximately 20-fold higher than that at 6 h.p.i. (Figs. 1A, 1C, and 1D ). The overall replication pattern of PSTVd-NT was similar in tobacco ( Fig. 1C) and N. benthamiana (Fig. 1D) during the experimental period. Sequencing confirmed that the PSTVd-NT sequence was maintained in the progeny in both host cells (data not shown). both tobacco and N. benthamiana cells were quantified for comparison. The data presented in Figs. 2E and 2F are the mean values of three independent experiments. The replication level of PSTVd Int in tobacco cells is used as a reference, which is set to a numerical value of 1. The replication levels of the other PSTVd variants in both tobacco and N. benthamiana are presented relative to this reference. As shown in Fig. 2E , accumulation levels of the (Ϫ)-strands of both PSTVd Int and PSTVd in N. benthamiana were five-to sixfold higher than those in tobacco. The (ϩ)-strands of these PSTVd strains accumulated to a level of 6-to 10-fold higher in N. benthamiana than in tobacco, respectively (Fig. 2F ). C 259 3 U or U 257 3 A substitution in the two parental strains increased the accumulation levels of both (Ϫ)-and (ϩ)-strands in tobacco by 5-to 10-fold to levels comparable to those in N. benthamiana (Figs. 2E and 2F) . Sequencing confirmed maintenance of mutant sequences in the RNA progeny in both tobacco and N. benthamiana cells (data not shown).
To visualize PSTVd replication in individual cells, we performed in situ hybridization, using digoxigenin (DIG)-labeled RNA probes specific for the (Ϫ)-PSTVd. PSTVd Int and PSTVd KF440-2 were barely visible in tobacco BY2 protoplasts (Fig. 3A ) but evidently present in N. benthamiana protoplasts (Fig. 3B) . PSTVd Int U 257 3 A, PSTVd Int C 259 3 U, and PSTVd KF440-2 U 257 3 A were all detected in the protoplasts of tobacco BY2 (Fig. 3A) and N. benthamiana (Fig. 3B) . Presumably, the low levels of PSTVd Int and PSTVd KF440-2 accumulation in tobacco BY2 cells was below the threshold of detection sensitivity of the current in situ hybridization protocols. In situ localization of PSTVd accumulation in individual cells allowed direct estimation that 60-70% of the tobacco and N. benthamiana cells were infected.
Specific nucleotide requirement at positions 257 and 259 for enhanced replication in tobacco
The enhanced replication in tobacco cells of PSTVd with C 259 3 U or U 257 3 A substitution could be due to the absence of C at position 259 or U at position 257, or due to presence of U at 259 or A at position 257. To assess the significance of the nucleotide identities at these positions for replication, we used site-directed mutagenesis to generate several mutants, based on template PSTVd Int , for replication analyses. In these mutants, C 259 was replaced with A or G, and U 257 was replaced with G or C, respectively. We also generated a doublemutant containing both C 259 3 U and U 257 3 A substitutions. We also tested whether any of the mutants would replicate differently in N. benthamiana cells. As shown in Figs. 4B and 4C, all of the mutants accumulated to similar levels in these cells. Therefore, PSTVd replication in N. benthamiana was insensitive to specific nucleotides at positions 257 and 259. Sequencing confirmed maintenance of each mutant sequence in the viroid progeny isolated from the infected tobacco and N. benthamiana cells (data not shown).
Secondary structures of PSTVd variants
The effect on replication, either enhancement or no enhancement in tobacco, of nucleotide substitutions at positions 257 and 259 could be attributed to interactions with host factors by those specific nucleotides, altered loop E structure, or altered overall viroid secondary structure. To test these possibilities, we computed the secondary structures of all PSTVd mutants with mfold Version 3.0 at 25°C (Water et al., 1994) , mfold 3.1 at 37°C , or RNAstructrue 3.6 (Matthews et al., 1999) . Secondary structures of PSTVd Int U 257 3 A and PSTVd Int C 259 3 U were shown earlier to be the same as PSTVd Int (Zhu et al., 2002) . Our analyses did not reveal any differences in the secondary structures of all PSTVd variants with any of the programs. Figure 5 shows the portions of the PSTVd variants that contain the mutations in loop E. The relative replication levels of these PSTVd variants in tobacco and N. benthamiana cells are also summarized in the figure for comparison. We emphasize that the programs we used for secondary structural analyses of PSTVd variants are based on thermodynamic parameters. The computed PSTVd structures may be true of purified RNAs in vitro. Whether they also reflect the structures of these RNAs in an infected cell remains to be investigated.
DISCUSSION
Characterization of PSTVd replication in mechanically inoculated cultured cells represents a critical link between in vitro studies employing nuclear extracts and in vivo studies using whole-plant infection. Nuclear extracts have been instrumental for in vitro experiments to identify the PSTVd structures for functions such as replication initiation (Fels et al., 2001 ) and cleavage and ligation (Baumstark et al., 1997) . Lack of a cellular environment in such systems compromises the capacity to investigate the full spectra of viroid-host interactions that control replication levels. Whole-plant infection has been used to isolate a wide range of PSTVd variants with different degrees of infectivity (e.g., Hammond and Owens, 1987; Owens et al., 1986 Owens et al., , 1991 Owens et al., , 1995 Owens et al., , 1996 Loss et al., 1991; Qu et al., 1993; Hu et al., 1996) . Noninfectivity of a variant at the whole-plant level could be due to impairment of (1) replication in single cells, (2) nuclear transport, (3) cellto-cell movement, or (4) long-distance movement. Mechanical inoculation of cultured cells allows replication capabilities of a viroid and its variants to be studied directly at the cellular level, as an essential component of experiments to elucidate the specific functional defects of a variant. For instance, results from the present study can now explain substantively the noninfectivity of PSTVd KF440-2 (Wassenegger et al., 1996) and PSTVd Int (Zhu et al., 2002) in tobacco. Apparently, these PSTVd strains replicate poorly in tobacco at the cellular level. The enhanced infectivity of PSTVd-NT (Wassenegger et al., 1996) , PSTVd Int C 259 3 U, and PSTVd Int U 257 3 A (Zhu et al., 2002) in tobacco plants can be partly due to enhanced replication in single cells. This is fully consistent with the hypothesis put forward by Wassenegger et al. (1996) that spontaneous C 259 3 U mutation in PSTVd KF440-2 during weak replication gave rise to PSTVd-NT with enhanced replication in tobacco. Interestingly, in tobacco, PSTVd Int C 259 3 U and PSTVd Int U 257 3 A can enter the phloem in the inoculated leaf to move systemically, but they cannot exit the phloem in young systemic leaves (Zhu et al., 2002) . Thus, replication assay in single cells in combination with whole-plant infection analysis will now make it possible to characterize the replication and specific movement functions of a viroid variant.
It should be noted that nuclear import in our experimental system could be a limiting factor for the final accumulation levels of PSTVd, assuming that the RNAs are delivered strictly into the cytoplasm. Because all PSTVd variants replicated in the electroporated protoplasts, we assume that they all entered the nuclei properly and that the different accumulation levels were due to different replication efficiencies rather than due to limitation of nuclear import. This interpretation is supported by the observation that PSTVd Int readily enters the nucleus in tobacco BY2 cells (Woo et al., 1999) , although it accumulates weakly in such cells (this study).
How viroid replication is regulated at the cellular level is poorly understood. Limited studies showed that multiplication of CPFVd was first visible at 36 h.p.i. by bioassay and at 48 h.p.i. by radioisotope incorporation in mechanically inoculated protoplasts prepared from tomato leaves (Mühlbach and Sänger, 1977) , and accumulation of PSTVd was first visible by Northern blots at 3 days postinoculation through liposome delivery in protoplasts prepared from potato-cultured cells (Faustmann et al., 1986) . In contrast, we were able to detect PSTVd accumulation as early as 6 h.p.i. in the electroporated protoplasts derived from cultured cells of tobacco and N. benthamiana. Detection of the (Ϫ)-PSTVd is conclusive evidence that replication has taken place. The reason for the apparently more efficient replication of PSTVd in our cell systems remains to be understood. Some possibilities may be considered. First, our cultured cells are metabolically more active. Second, electroporation is more efficient in delivering the viroid RNA into the cells. Third, the RNA probes and the imaging system we used were more sensitive for detecting the replicating RNA. Regardless of the specific reasons, we believe that our data reveal a more realistic situation of PSTVd replication in single cells.
The accelerated accumulation of the circular (ϩ)-PSTVd starting at 24 h.p.i. is similar to that observed for CPFVd accumulation in protoplasts prepared from tomato leaves (Mühlbach and Sänger, 1976) . It also bears striking resemblance to the accumulation pattern of the genomic RNA of hepatitis delta virus (HDV) in transfected human hepatoma cells (Moraleda and Taylor, 2001) . HDV contains a viroid-like RNA and also replicates through a rolling circle (Macnaughton et al., 2002) . The significance of such resemblance remains to be understood.
The increase in the accumulation of the multimeric (Ϫ)-strands (Fig. 1A) is correlated with a decrease in the accumulation of the multimeric (ϩ)-strands (Fig. 1B) . Along with the observed rapid accumulation of the circular (ϩ)-strands, these data lend further support to the model that PSTVd replicates via a rolling circle mechanism, by which the (Ϫ)-strand molecules serve as the intermediate for mass production of the multimeric (ϩ)-strand molecules, which are subsequently cleaved and ligated to form the monomeric, circular-strand molecules (Branch and Robertson, 1984) . Presumably, starting at 24 h.p.i., the conversion of multimeric (ϩ)-strands into monomeric, circular (ϩ)-strands occurs very rapidly so that the former is barely detectable at a steady state.
The accelerated PSTVd replication after 24 h.p.i. poses interesting questions about how it is achieved. One possibility is that initial viroid replication stimulates or suppresses production of some host factors to further boost replication and/or accumulation. It will be interesting to examine cellular responses including gene-expression patterns during different stages of viroid accumulation. It may also be informative to isolate PSTVd variants that would exhibit altered accumulation patterns.
Studies on PSTVd replication in potato nuclear extracts implicate loop E in replication and processing (Baumstark et al., 1997) . Studies on PSTVd replication in tobacco (Wassenegger et al., 1996; Zhu et al., 2002 ) also suggest involvement of loop E in PSTVd replication in this host. Our replication assays of the PSTVd variants demonstrate that specific nucleotide substitutions in loop E enhance replication levels of PSTVd Int and PSTVd KF440-2 in tobacco cells. Moreover, the protoplast replication assays have permitted quantitative comparisons of the relative replication levels of different variants. Specifically, we have shown that position 259 of PSTVd must be a U to enhance replication in tobacco cells by more than fivefold. In contrast, C, G, or A in this position will not. For position 257, U or G will produce minimal replication. Nucleotide A or C at this position boosts replication by more than fivefold. Although U 259 and A 257 can individually boost replication by more than fivefold in tobacco, a combination of both nucleotides in a doublemutant does not enhance replication above this level. Therefore, these nucleotides do not seem to function synergistically. This suggests that (1) they interact with a common host factor for elevated replication, or (2) the single and double mutations yield the same viroid structure that interacts with a host factor for elevated replication.
It remains to be understood why specific nucleotide substitutions in loop E alter replication levels of PSTVd to adapt to a particular host. The issue needs to be ad- dressed from the perspective of potential alterations in viroid structures that in turn alter interactions with host factors. Our preliminary analysis suggests that the stable secondary structures of the PSTVd variants we examined are not different. It would then appear that either the identity of the nucleotides or the local structural subtleties of loop E determine PSTVd replication levels. This, however, may be an oversimplified interpretation. Metastable structures appear to be important for replication (Loss et al., 1991; Owens et al., 1991; Repsilber et al., 1999) . Such structures include hairpin II formed by the (ϩ)-strand (Loss et al., 1991; Owens et al., 1991) and HPm specific for the (Ϫ)-strand (Gultyaev et al., 1998) . Formation of tetraloop GNRA is involved in the first cleavage during processing (Baumstark et al., 1997) . Thus, further studies are needed to resolve whether it is the identity of nucleotides, local viroid structure, or metastable conformational alterations of a mutant that contributes to the enhanced replication in tobacco.
Mechanistically, Wassenegger et al. (1996) suggest that C 259 is critical for processing and that C 259 3 U change enhances processing and therefore infectivity in tobacco. Results from the present study suggest another possibility. As shown in Fig. 2 , C 259 3 U and U 257 3 A substitutions in PSTVd Int or PSTVd KF440-2 each enhances production of the (Ϫ)-strand by over fivefold and enhances production of (ϩ)-strand PSTVd also by fivefold. Therefore, a major enhanced function of the mutants is transcription of (ϩ)-strands into (Ϫ)-strands, the replication intermediates. Increase in the accumulation of the (ϩ)-strands could be an indirect consequence of the enhanced (Ϫ)-strand production or to some extent also directly enhanced (Ϫ)-to (ϩ)-strand transcription. Thus, in addition to its role in processing, loop E seems to have a role in modulating levels of transcription.
We cannot be certain that we have identified all of the nucleotide changes within loop E and/or elsewhere in PSTVd that can enhance replication in tobacco or alter host specificity. Nevertheless, our results indicate that mutagenesis and replication assay in cultured cells have the potential to identify specific nucleotides/structural features of a viroid that are critical for replication levels and for host adaptation. Availability of viroid variants with well-defined replication functions is also necessary for the biochemical isolation and characterization of host factors involved in viroid replication. Protoplasts were prepared from the cultured cells as described by Gaire et al. (1999) with some modifications. Cultured cells were collected by centrifugation at 70 g for 5 min, resuspended in 1.5% cellulase "Onozuka" RS (Yakult Pharmaceutical Ind. Co., Ltd., Tokyo, Japan) and 0.2% macerozyme (Calbiochem-Novabiochem, La Jolla, CA) in solution I [0.5 M mannitol, 3.6 mM 2-(N-morpholino)ethane sulfonic acid, pH 5.5]. After incubation at room temperature for 3-4 h when over 90% of the cells showed round shape, the protoplasts were filtered through 40-m nylon mesh, washed twice with solution I, and resuspended in solution II (solution I plus 0.1 mM CaCl 2 ) to a density of 2 ϫ 10 6 protoplasts/ml. The protoplasts were kept on ice for 1 h before inoculation.
MATERIALS AND METHODS
Cell culture and protoplast isolation
PSTVd variants and cDNA cloning
The double-ribozyme expression cassette pRZ6-2, in which the cDNA of PSTVd Int is flanked by ribozymes, was constructed by Hu et al. (1997) and was kindly provided by Dr. Robert Owens (USDA/ARS, Beltsville, MD). Plasmids pRZ:IntC 259 3 U and pRZ:IntU 257 3 A, which were used to generate in vitro transcripts of PSTVd Int C 259 3 U and PSTVd Int U 257 3 A, were described in Zhu et al. (2002) . To construct cDNA clones as templates to generate in vitro transcripts of PSTVd KF440-2 (Schnölzer et al., 1985) and PSTVd NT (Wassenegger et al., 1996) , the 294-bp EagI-Eco47III fragment (positions 145-359/1-79) of these two variants was transferred to pRZ6-2 by replacing the corresponding region of PSTVd Int . This gave rise to plasmids pRZ:KF440-2 and pRZ:NT, respectively.
PSTVd mutants with mutations in positions 259 and 257, respectively, were generated by site-directed mutagenesis using Quickchange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions. The reactions were performed with plasmids pRZ6-2 or pRZ:KF440-2 and a set of complementary primers with sequences corresponding or complementary to PSTVd sequences containing loop E (positions 241-273) with the desired mutation(s). The introduced mutations were verified by sequencing.
PCR-amplified full-length cDNA of PSTVd Int was cloned into pGEM-T vector (Promega Corp., Madison, WI) in both (ϩ) and (Ϫ) orientations. This resulted in two constructs, pInter(ϩ) and pInter(Ϫ), which were used as transcription templates to produce riboprobes specific for (Ϫ)-and (ϩ)-PSTVd, respectively.
In vitro transcription
To prepare in vitro transcripts of the PSTVd variants for inoculation, the plasmids derived from pRZ6-2 were linearized by HindIII and used as templates for in vitro transcription using T7 MEGAscript Kit (Ambion Inc., Austin, TX) following the manufacturer's directions.
Using SpeI-linearized pInter(ϩ) and pInter(Ϫ) as templates, ␣ 32 P-or DIG-UTP-labeled riboprobes were prepared by in vitro transcription using T7 Maxiscript kit (Ambion) following the methods recommended by the manufacturer.
Size markers for (Ϫ)-PSTVd were synthesized by in vitro transcription. Plasmid pT3T7, which contains 4.4 copies of unit-length PSTVd KF440-2 cDNA in tandem between T3 and T7 promoters, was kindly provided by Dr. Michael Wassenegger at Fraunhofer Institute for Molecular Biology and Applied Ecology, Germany. HindIII-and EcoRI-linearized pT3T7 were used as templates for synthesizing RNAs of 1573 nt that contain (Ϫ)-tetrameric and (ϩ)-tetrameric PSTVd sequences, respectively. SpeI-linearized pInter(Ϫ) and pInter(ϩ) were used as templates to synthesize RNAs of 414 nt that contain monomeric, linear (Ϫ)-, and (ϩ)-PSTVd sequences, respectively.
After transcription, DNA templates were removed by digestion with RNase-free DNase I. RNA transcripts were purified using MEGAclear kit (Ambion) and quantified by UV spectrometry. The amounts of 32 P-labeled riboprobes were determined by Beckman Liquid Scintillation System LS3801 (Beckman Instruments, Inc., Fullerton, CA).
Protoplast inoculation
Electroporation method was used to inoculate protoplasts with PSTVd transcripts as described by Gaire et al. (1999) with some modifications. Ten micrograms of RNA transcripts was mixed with 1 ϫ 10 6 protoplasts on ice in a cuvette with 0.4-cm gap (Bio-Rad Laboratories, Hercules, CA) and electroporated with an Electroporator Plus (BTX, San Diego, CA) at 0.2 kV. After electroporation, protoplasts were transferred to a new Eppendorf tube containing 1 ml of solution II and incubated on ice for 30 min. The protoplasts were collected by centrifugation at 70 g for 5 min and then cultured in 1 ml of culture solution (BY-2 culture medium plus 0.45 M mannitol) in Costar six-well cell culture cluster (Corning Inc., Corning, NY). At various times postinoculation, the protoplasts were collected for RNA extraction.
RNA extraction and Northern blotting
Total RNA was isolated from the protoplasts by using RNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA) and quantified by UV spectrometry. RNA aliquots (10 g) were mixed with equal volumes of loading buffer (95% formamide, 0.025% xylene cyanol, 0.025% bromphenol blue, 18 mM EDTA, and 0.025% SDS), denatured by heating at 90°C for 3 min followed by chilling on ice, and then fractionated by electrophoresis at 55°C in 5% polyacrylamide gels containing 1ϫ TBE buffer/8 M urea. Known amounts of size markers for the (Ϫ)-and (ϩ)-strands of PSTVd were loaded and used as internal size and quantification controls. After electrophoresis, the gels were stained with ethidium bromide and examined under UV light to determine the integrity and loading of the same quantity of RNA samples. The RNAs were transferred to Hybond-XL nylon membrane (Amersham Biosciences, Piscataway, NJ) by using a Vacuum Blotting System (Amersham). Hybridizations to detect (ϩ)-and (Ϫ)-strands of PSTVd were performed at 65°C with ULTRAhyb reagent (Ambion) and 2.5 ϫ 10 9 cpm in vitro transcribed 32 P-UTPlabeled riboprobes generated from pInter(Ϫ) and pInter(ϩ), respectively. The membranes were washed at 68°C and exposed to Storage Phosphor Screen (Kodak, Rochester, NY). Quantification of radioactivity was performed by Molecular Imager FX using Quantity One-4.1.1 software (Bio-Rad).
Sequencing of RNA progeny
The protocols for preparing cDNAs of the PSTVd progeny isolated from the protoplasts were essentially as described in Zhu et al. (2002) . cDNAs of PSTVd RNA were synthesized by reverse transcription-PCR (RT-PCR). The first cDNA strand was synthesized using the Thermoscript RT-PCR system (Invitrogen Corp., Carlsbad, CA) and primer PSTVd-AS (5Ј-CCTGAAGCGCTCCTCCGAG-3Ј) following the manufacturer's instructions. To synthesize the second cDNA strand, aliquots (1/10) of the RT reaction mixture were PCR-amplified with primers PSTVd-AS and PSTVd-S (5Ј-GATCCCCGGGGAAAC-CTGG-3Ј) and PfuTurbo DNA polymerase (Stratagene) and the buffer provided by the manufacturer. The PCR cycling profile (28 cycles) was 30 s at 95°C, 30 s at 55°C, and 45 s at 68°C with a final extension step at 68°C for 10 min. The PCR products were fractionated by electrophoresis on a 1.5% agarose gel. The band of expected size was cut out and purified with Qiaquick Gel Extraction Kit (Qiagen). Taq DNA polymerase (Promega) was used to create 3Ј-A overhangs to the purified PCR products, which were then cloned into pGEM-T vector (Promega). PSTVd cDNAs in the plasmids were then sequenced in both directions using the ABI377 DNA sequencer (Perkin-Elmer, Boston, MA) at the DNA Sequencing Facility at The Ohio State University. At least three clones were sequenced for each PSTVd variant.
Protoplast fixation and in situ hybridization
At 72 h.p.i., the protoplasts were collected for fixation. To fix protoplasts for in situ hybridization, 1 ϫ 10 5 protoplasts were treated with 0.5 ml of fixative containing 3.7% paraformaldehyde and 0.2% picric acid in KE buffer (50 mM KH 2 PO 4 , 5 mM EGTA, pH 5.0) at room temperature for 1 h. After fixation, the protoplasts were washed with KE buffer twice (1 h each). The protoplasts were then collected by centrifugation and resuspended in 200 l of KE buffer. Fifty-microliter aliquots were applied onto Superfrost Plus microscope slides (Erie Scientific Co., Portsmouth, NH) and baked at 42°C for at least 2 h. Prior to in situ hybridization, the protoplasts on the slices were treated in PBS buffer containing 2% bovine serum albumin (BSA), 0.1% cellulase, 0.05% macerozyme, and 0.5% Nonidet P-40 at room temperature for 30 min and then treated in prechilled methyl alcohol with 2% hydrogen peroxide at Ϫ10°C for 30 min. In situ hybridization, using DIG-labeled riboprobe specific for (Ϫ)-strand PSTVd, was performed as described in Zhu et al. (2001) .
